Abstract The major contamination sources, serogroups, biofilm-forming ability and biocide resistance of Listeria monocytogenes persistent in tilapia-processing facilities were assessed. Twenty-five processing-control points were examined twice in two factories, including whole tilapias, frozen fillets, water and food-contact surfaces. L. monocytogenes were detected in 4 and 20% of points of Factory A and B respectively, but at low concentrations. Contamination was due to inadequate handling of tilapias in the slaughter room of Factory A and to the application of ineffective sanitizing procedures in Factory B. Seven strains were characterized by RAPD-PCR using primers HLWL85, OPM-01 and DAF4. Genotypic similarity allowed tracing the contamination source of tilapia fillets in Factory B and detecting a prevalent strain in Brazilian tilapia-processing facilities. The serogroup II (including the serotype 1/2c) was the most frequently found, followed by serogroup I (1/2a) and III (1/2b), whereas the serotype 4b was not detected. All strains showed high biofilm-forming ability on stainless steel and polystyrene, but biofilm formation was positively correlated with the type of origin surface. Biofilms were highly resistant to peracetic acid and sodium hypochlorite, being required doses higher than those recommended by manufacturers to be eradicated. Peracetic acid was more effective than sodium hypochlorite, but the use of disinfectants with similar mechanisms of action increases the risk of cross-resistance. Case-by-case approaches are thus recommended to determine the sources and degree of contamination present in each factory, which would allow applying precise responses to control the persistence of bacterial pathogens such as L. monocytogenes.
Introduction
Oreochromis niloticus tilapias are one of the major fish species exported due to their high international demand (FAO 2016) , being freshwater aquacultures of the Southeast of Brazil a large production region (IBGE 2015) . Good Manufacturing Practices (GMPs), Good Hygienic Practices (GHPs) and Hazard Analysis and Critical Control Point (HACCP) systems are often implemented to guarantee the quality and safety of products. Nevertheless, novel trends in food production such as minimal processing, mass production and globalization have introduced new factors and conditions that can promote the growth of bacterial pathogens (Abee and Wouters 1999; Havelaar et al. 2010) . Chlorine-based biocides and peroxides are commonly applied in the food industry to control the growth of bacterial pathogens (Stanga 2010) . But hygienic procedures frequently use sub-lethal doses of disinfectants and unsuitable exposure times that can cause the emergence of antimicrobial resistances and a long-term presence (even persistence) of some pathogens (Langsrud et al. 2003) .
Listeria monocytogenes is a foodborne pathogen capable to cause in humans from febrile gastroenteritis to fatal bacteraemia and meningitis. Moreover, listeriosis outbreaks reported in Europe (EFSA 2016) and USA (Cartwright et al. 2013) showed high rates of mortality, but few of them have been associated to the consumption of fishery products. Nevertheless, L. monocytogenes serotypes 1/2a, 1/2b, 1/2c and 4b, involved in most cases of human listeriosis, have been frequently found in both fishery products and fish-contact surfaces (Abdollahzadeh et al. 2016; Chen et al. 2016; Jamali et al. 2015; Kramarenko et al. 2013; Wu et al. 2015) . The prevalence of L. monocytogenes in fish-related environments seems to be correlated with the degree of human activity, being higher in freshwater fish farms, fish slaughterhouses and fish smokehouses than in freshwater streams . In addition, the ability of L. monocytogenes to form biofilms can considerably enhance the stress tolerance (e.g. exposure to disinfectants) and, thus, its persistence in foodrelated environments (Carpentier and Cerf 2011; Ferreira et al. 2014) .
Therefore, the present study aimed to determine the major contamination sources, serogroups, biofilm-forming ability and resistance to sodium hypochlorite and peracetic acid of Listeria monocytogenes strains persistent in tilapiaprocessing plants.
Materials and methods

Description of the tilapia-processing factories
Two tilapia-processing plants (Factory A and B) situated in the State of São Paulo (Southeast of Brazil) , but distanced in 400 km approximately from each other, were examined. Tilapia-processing facilities are located at 1-3 km from the freshwater fish farms. Plants are divided in six sections: reception and slaughter room, desquamation section, fileting section, inspection section, packaging section and freeze storage warehouses. GMPs and GHPs were implemented in both factories, obtaining HACCP certification. Factory A processed up to 40 t/day of tilapia, whereas Factory B manages approximately 4.2 t/day.
Sampling
Twenty-five processing-control points were inspected twice in Factory A (Table 1) and B (Table 2) at approximately 2-month interval, following methods described in APHA (2013). Briefly, freshly caught whole Oreochromis niloticus tilapias from aquaculture were aseptically placed in sterile bags. Samples of contact surfaces and gloves were collected in areas of 100 cm 2 by using two sterile swabs moistened with neutralizing broth (10 g/L of triptone (Neogen Corporation, Brazil) , 5 g/L yeast extract (BectonDickinson, São Paulo, Brazil), 2.4 g/L sodium bisulphite and 1 g/L sodium thioglycolate (Sigma Aldrich, Brazil), 1 g/L histidine and 0.7 g/L soy lecithin (Dinâmica Química Contemporânea Ltda., Brazil), 5 g/L sodium chloride, 1 g/ L sodium thiosulfate and 5 mL/L polysorbate 80 (Labsynth, Brazil) , adjusted at pH 7.6 ± 0.2), which were subsequently immersed in 10 mL of peptone (10 g/L triptone (Neogen Corporation, Brazil) and 5 g/L sodium chloride (Labsynth)). Water samples of 1 L were aseptically placed in sterile bottles. Samples of water and gloves were taken during processing of tilapias, whereas surface samples were collected after daily cleaning and sanitizing to assess the validity of procedures applied. All these samples, as well as packaged frozen tilapia fillets, were placed into isothermal containers and immediately shipped to the laboratory under chilled conditions.
Isolation, identification and serotyping of Listeria monocytogenes
Samples of 25 g of tilapia were mixed with 225 mL of peptone in auto-sealable bags. Water samples were vacuum filtered through a 0.45 lm paper filter (F. Maia Indústria e Comércio Ltda., Brazil) and transferred to auto-sealable bags containing 10 mL of peptone. All samples, including those from gloves and food-contact surfaces collected in tubes, were then maintained for 1 h at room temperature to revitalize cells damaged. Tilapia and water samples were subsequently homogenized for 1 min in a stomacher masticator (ITR Instrumentos para Laboratórios Ltda., Brazil), whereas samples in tubes were vigorously vortexed for 1 min to resuspend cells adhered to swabs. After homogenization, 3 mL of each sample were inoculated twice in 3 M Petrifilm Environmental Listeria plates (3 M, Brazil), following manufactureŕs instructions. Plates were incubated for 28 h at 37°C. Afterwards, typical colonies of Listeria spp. (red-violet colonies) were counted to calculate the number of CFU/g (tilapias), CFU/cm 2 (surfaces) and CFU/L (water samples). Between one and five typical colonies from each contaminated point were selected for the confirmatory tests. Stock cultures of suspected isolates were maintained in 50% glycerol (w/w) at -80°C.
Presumptive L. monocytogenes isolates were confirmed and serotyped, optimizing the method proposed by Doumith et al. (2004) . Bacterial DNA was extracted from 24 h cultures in Brain Heart Infusion broth (Neogen Corporation) by using an InstaGene TM Matrix kit (Bio-Rad Ltda., USA). DNA was quantified by assuming that an absorbance value at 260 nm of 0.100 corresponds to 5 lg/mL of DNA. A multiplex PCR detecting both the genus-specific prs gen and the four major serogroups of L. monocytogenes was performed for each isolate. Primer pairs designed by Doumith et al. (2004) were used (Table 3) . Each PCR mixture contained 200 ng DNA, 0.4 lM of primer pair prs, 1 lM of primer pairs lmo0737, ORF2819 and ORF2110, 1.5 lM of primer pair lmo1118 (Thermo Fisher Scientific, Brazil), 1 9 Green GoTaq Flexi Buffer added with 2 mM MgCl 2 , 0.2 mM dNTPs, 2 U GoTaq Hot Start Polymerase (Promega Corporation, USA), and sterile Milli-Q water up to a final volume of 50 lL. Listeria monocytogenes ATCC 15313 purchased from the Spanish Type Culture Collection (CECT) was used as positive control. PCR was performed in a thermocycler C1000 TM (BioRad Ltda., USA) following the conditions proposed by Doumith et al. (2004) . PCR products were subjected to electrophoresis on 1.5% agarose gel containing ethidium bromide for 2 h at 75 V and 100 mAmp. A DNA ladder of 100-1517 bp (100 bp DNA ladder, New England Biolabs, Brazil) was included as a molecular size marker. Gels were visualized in a Gel Doc XR? system (Bio-Rad) using the ImageLab TM software (Bio-Rad Ltda.).
Genotyping of Listeria monocytogenes
Listeria monocytogenes isolates were genotyped by RAPD-PCR. DNA was extracted and quantified as aforementioned. Two independent cultures of each isolate were used to verify the reproducibility of banding patterns. (Wernars et al. 1996) and OPM-01 (5 0 -GTTGGTGGCT-3 0 ) (Lawrence et al. 1993) were used in single reactions for each isolate. Each PCR mixture contained 200 ng DNA, 4 lM primer (Thermo Fisher Scientific), 1 9 Green GoTaq Flexi Buffer added with 2.5 mM MgCl 2 , 0.2 mM dNTPs, 2 U GoTaq Hot Start Polymerase (Promega Corporation) and sterile Milli-Q water up to 50 lL. L. monocytogenes ATCC 15313 was also genotyped to assess possible similarities with the isolates. RAPD-PCR was performed following conditions proposed by Vogel et al. (2001) for primers HLWL85 and OPM-01. Meanwhile, conditions for primer DAF4 were optimized as follows: an initial denaturing of 3 min at 94°C, followed by 40 cycles of 50 s at 94°C, 50 s at 35°C and 90 s at 72°C, with a Table 2 Processing-control points and number of samples (n) examined in Factory B
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Primers DAF4 (5 0 -CGGCAGCGCC-3 0 ) (Wiedmann-al- Ahmad et al. 1994), HLWL85 (5 0 -ACAACTGCTC-3 0 )
Section
Point Sample Surface n Listeria spp. final extension of 10 min at 72°C. Amplicons were separated and visualized as previously described.
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General
The exponential relationship between molecular size and mobility in each gel (r [ 0.99) was used to determine the molecular size of DNA bands. Differences in at least one band resulted in unlike RAPD patterns. Variances in band intensity and bands too weak to be reproduced were not considered. RAPD patterns were coded with a binary value (0 or 1) denoting absence or presence of each band. Similarity analysis assessing the Dice coefficients (Struelens et al. 1996) was performed by IBM SPSS 15.0, whereas cluster analysis by UPGMA (Sneath and Sokal 1973) and dendrograms were executed with StatistiXL 1.11.
Quantification of biofilm formation
Stainless steel coupons (AISI 304, 2B finish) (Botam Oxicorte, Brazil) of 1 cm 2 (and 0.8 mm thickness) and polystyrene microtiter plates (Kasvi, Brazil) with 24 flatbottomed wells of 1.93 cm 2 each were used as experimental surfaces. Coupons were previously soaked in 2 M NaOH to remove residues, rinsed several times with distilled water and dry-heat sterilized for 1 h at 170°C. Coupons were placed into wells of sterile 24-well flatbottom microplates.
The number of cells adhered to these surfaces was quantified in triplicate after 5, 24 and 48 h for each strain. Overnight cultures were adjusted to an optical density of 0.100 ± 0.01 at 700 nm with phosphate buffer saline (PBS, composed by 7.6 g/L NaCl, 0.2 g/L KCl, 0.245 g/L Na 2 HPO 4 and 0.71 g/L K 2 HPO 4 (Labsynth)), corresponding to 10 8 CFU/mL approximately. Adjusted cultures were then serially diluted in tryptic soy broth (TSB) (Kasvi), and aliquots of 700 lL (containing approximately 7 9 10 5 CFU) were added into each well. Inoculum size was checked by plating on tryptic soy agar (TSA) (Kasvi). A negative control with no inoculum was included in all assays. Microplates were incubated at 25°C under static conditions until analysis. After each incubation time, nonadhered cells were discarded and surfaces washed with 1 mL of PBS. Biofilm cells were collected by thoroughly rubbing the surfaces with two sterile swabs (Cremer Diagnostica), which were immersed in 10 mL of peptone. Cells were then resuspended by vortexing for 1 min and aliquots of 0.1 mL of appropriate dilutions in peptone were spread in triplicate on TSA plates, which were incubated for 24 h at 37°C. The number of CFU/cm 2 of each strain adhered to stainless steel and polystyrene surfaces was then calculated. Assays were repeated twice using independent bacterial cultures.
Biocide resistance assays
Sodium hypochlorite and 39% (v/v) peracetic acid solution (Sigma-Aldrich, Brazil) were tested against L. monocytogenes strains with the highest biofilm-forming ability on each surface. Disinfectants were diluted in ultrapure water to working concentrations (10, 25, 50, 75, 100, 500, 1000, 2000 , 3000 and 4000 mg/L) prior to each assay.
The minimal inhibitory concentration (MIC) of disinfectants for planktonic cells was assessed following an optimized method based in Mann and Markham (1998) . Aliquots of 75 lL of adjusted cultures (containing 7.5 9 10 4 CFU approximately) were exposed to 75 lL of each disinfectant concentration in sterile 96-well U-bottom microplates (Kasvi). Each concentration of disinfectant were tested in triplicate in two independent experiments. Positive controls with no disinfectant, negative controls with no inoculum and blanks with medium only were also included. After 24 h at 37°C, wells were stained with 10 lL of 0.01% (w/v) resazurin sodium salt solution (Sigma-Aldrich). Colour change from blue to pink indicating the presence of viable cells in cultures was checked after 2 h of incubation. Visually undetectable growth was also checked by plating 0.1 mL of cultures on TSA. Both factories apply sanitizing treatments once a day, so the logarithmic reduction of viable cells (LR) caused by disinfectants was determined in 24-h-old biofilms. After biofilm formation, non-adhered cells were removed by washing surfaces with 1 mL of PBS. Biofilms were then exposed to 0.5 mL of disinfectant for 30 min. Concentrations of 100, 500, 1000, 1250, 1500, 1750, 2000, 2250, 2500, 2750 and 3000 mg/L of each disinfectant were tested in triplicate in two independent assays. Biofilms exposed to sterile water were also included as positive controls. Treatments were neutralized with 2.5 mL of neutralizing broth for 10 min at room temperature. Surviving biofilm cells were then collected and quantified as aforementioned. Counts were also added up with the number of viable biofilm cells washed out during neutralization, which were quantified in TSA plates spread with 0.1 mL of appropriate dilutions of neutralizing broth after 24 h at 37°C. LR caused by each disinfectant concentration was calculated as the difference between the logarithm of the total number of viable cells in non-disinfectant-exposed biofilms and the logarithm of the number of surviving viable cells in disinfectant-exposed biofilms.
Statistical analysis
Statistical analysis were performed with IBM SPSS 19.0. Significance of the data was assessed using a one-way ANOVA. Homogeneity of variances was examined by a post hoc least significant difference (LSD) test. Otherwise, a Dunnett's T3 test was performed. An independent-samples student's t test was also done to compare variables in pairs. Bivariate correlations were analysed using the Pearson correlation coefficient. Statistical significance was accepted at a confidence level greater than 95% (P \ 0.05).
Results
Contamination level in tilapia-processing plants
Typical colonies on 3 M Petrifilm Environmental Listeria plates were detected in 6 out of 50 processing control points, being affected the same points in both samplings. Forty colonies were picked up, isolated and definitely confirmed as Listeria spp. by genus-specific prs PCR. Genes related to L. monocytogenes serogroups were found in eighteen isolates, being present in all contaminated points. Three L. monocytogenes were isolated in Factory A (all from A5), whereas fifteen isolates were obtained in five points of Factory B (B2, B15, B19, B23 and B25).
Contamination level in Factory A (4% of points) was therefore lower than in Factory B (20%).
Concentrations of L. monocytogenes lower than 100 CFU/cm 2 (or g of product) were detected in both tilapia-processing plants (Tables 1 and 2 ). Failures in handling procedures applied in the reception and slaughter room were the major responsible of contamination in Factory A. Meanwhile, ineffective sanitizing procedures applied in Factory B led to the persistence of L. monocytogenes in several tilapia-contact surfaces, allowing the cross-contamination with tilapia fillets. Other Listeria spp. (i.e. isolates only carrying prs gene) were also present in four points of Factory B (B2, B15, B19 and B25), but at lower concentrations than L. monocytogenes.
RAPD patterns and similarity of L. monocytogenes isolates
RAPD-typing of L. monocytogenes isolates generated six, nine and seven banding patterns with primers DAF4, HLWL85 and OPM-01, respectively (Fig. 1) . Primer DAF4 amplified 18 bands with 195-1644 bp, HLWL85 produced 20 bands with 176-1540 bp, and OPM-01 amplified 21 bands with 157-1673 bp. Amplification of DNA from different cultures of each isolate showed a good reproducibility of patterns. The discriminatory power of the analysis was increased from 0.889 to 0.978 by the combination of patterns obtained for each primer. Nine global patterns were thus created, being named by a three-digit code that indicates the pattern number obtained with primers DAF4, HLWL85 and OPM-01, respectively (Fig. 2) . Cluster analyses based on similarity measurements between global patterns did not showed any relationship between RAPD patterns and origin surfaces, probably due to the purity of clusters. In fact, only patterns 6.9.7 and 6.7.7 were clustered at a relative genetic similarity of 0.70. This lack of relationship was confirmed by the validity assessment of cluster analyses, which rendered hierarchical F-measures of 0.846 for global banding patterns, as well as high values of F-measure, precision and recall.
Handler gloves of the reception and slaughter room of Factory A (A5) were contaminated by two different strains (L2 and L3). Meanwhile, six strains (L2, L4, L5, L6, L7 and L8) were present in Factory B. Three strains (L4, L5 and L6) were detected in the bleeding tanks (B2), whereas the other affected points were colonized by only one strain. Frozen tilapia fillets (B25) were contaminated by strain L7 during their processing on the polyethylene cutting boards of the inspection room (B15). Interestingly, strain L2 was isolated in both factories despite they are 400 km distanced, suggesting a possible prevalence of this strain in Brazilian tilapia-processing facilities. All isolated strains showed low similarity with ATCC 15313, originally from a rabbit sample.
Listeria monocytogenes serogroups found in tilapiaprocessing plants
A high diversity of L. monocytogenes serogroups were found in both tilapia-processing facilities (Fig. 2) . Serogroup II was the most frequently detected in tilapia-processing plants, followed by serogroups I and III, whereas none isolate belonged to serogroup IV of L. monocytogenes ATCC 15313. Strains belonged to serogroups I (L2) and III (L3) were detected in handler gloves of the reception and slaughter room of Factory A (A5). Isolates of L2 from B19 were also gathered in serogroup I, which definitely confirmed the presence of this strain in both tilapia-processing factories. Bleeding tanks of Factory B (B2) were contaminated by strains of serogroups I (L6), II (L4) and III (L5). Strain L7 isolated in B15 and B25 were classified in the serogroup III, whereas L8 from B23 belonged to serogroup II. Cluster analysis did not discriminate any large cluster comprising strains of the same serogroup. In addition, no relationship between serogroups and origin surfaces was found.
Biofilm-forming ability of L. monocytogenes
The biofilm-forming ability of L. monocytogenes strains from tilapia-processing facilities was compared with that of ATCC 15313 (L1), used in enteric researches. All strains increased significantly (P \ 0.01) the number of adhered cells on polystyrene and stainless steel for 48 h at 25°C (Fig. 3) . Interestingly, biofilm formation on stainless steel was positively correlated with metallic origin surfaces, as well as biofilm formation on polystyrene was positively correlated with plastic origin surfaces (nitrile and polyethylene) (Table 4) . Moreover, a relationship between biofilm-forming ability on stainless steel and serogroups was found, indicating that strains of serogroup I showed a higher biofilm formation on stainless steel than those from serogroup II, followed by strains from serogroups III and IV. However, no relationship was found between serogroups and biofilm formation on polystyrene.
Strain L2 showed the highest biofilm-forming ability on stainless steel, but moderate on polystyrene, which could explain the higher concentrations detected on B19 (i.e. stainless steel trays) than on A5 (i.e. nitrile gloves). Meanwhile, strains L7 and L8 showed the highest biofilmforming ability on polystyrene. However, L7 reached higher concentrations on polyethylene surfaces than L8 ( Table 2 ), suggesting that L7 have a higher tolerance to environmental stresses present in Factory B. Strain L3 from nitrile gloves (A5) also had remarkable biofilm-forming ability on polystyrene, but low on stainless steel. In contrast, strains from bleeding tanks made of ceramic (L4, L5 and L6) and ATCC 15313 (L1) showed moderate biofilm formation on both experimental surfaces. Therefore, L2 and L7 were selected to simulate worst-case scenarios on stainless steel and polystyrene surfaces under conditions present in tilapia-processing facilities (i.e. 25°C and frequency of sanitizing of 24 h). An r value of zero indicates no correlation, whereas a value of 1 or -1 indicates a perfect positive or negative correlation a P \ 0.01
Biocide resistance of L. monocytogenes
The resistance of planktonic cells and 24-h-old biofilms of strains L2 and L7 to sodium hypochlorite and peracetic acid was assessed. As expected, L. monocytogenes biofilms showed higher biocide resistance than planktonic cells. Peracetic acid was ten-fold more effective against planktonic cells of both strains (MIC = 100 mg/L) than sodium hypochlorite (MIC = 1000 mg/L). LR caused by peracetic acid in biofilms formed by S8 and S10 was also significantly (P \ 0.01) higher than that of sodium hypochlorite for all concentrations tested (Fig. 4) . In fact, doses of 2750 mg/L of peracetic acid were able to eradicate completely biofilms formed on experimental surfaces. The effect of both disinfectants against biofilms was positively correlated with the increase of concentrations, but peracetic acid showed a higher effect (r = 0.991 for L2, r = 0.970 for L7, with P \ 0.01) than sodium hypochlorite (r = 0.897 for L2, r = 0.902 for L7, with P \ 0.01). No significant differences were observed between biocide resistance of biofilms formed by L2 on stainless steel and L7 on polystyrene for each disinfectant.
Discussion
Aquaculture of Oreochromis niloticus tilapias are highly extended worldwide due to the high international demand, being Brazil one of the major producers and exporters (FAO 2016) . Contamination level of cultivation water and tilapia fillets produced in Brazil was previously investigated (Bartolomeu et al. 2011; Boari et al. 2008; Carbonera et al. 2011; Junior et al. 2014) , but limited to those foodborne pathogens included in the Brazilian legislation in force (Brazil 2001) , being L. monocytogenes excluded. However, the incidence of L. monocytogenes in fish products is a cause of concern to the fishery industry, particularly in raw fish and ready-to-eat fish products (Abdollahzadeh et al. 2016; Chen et al. 2016; Cruz et al. 2008; Kramarenko et al. 2013; Shimojima et al. 2016 ).
Policies about the control of L. monocytogenes in ready-toeat fish products have been implemented in several countries (Jami et al. 2014) , achieving promising results. Therefore, the major contamination sources and factors involved in the persistence of L. monocytogenes in tilapiaprocessing facilities were investigated in this study to provide relevant data that allow optimize accurately the manufacturing and sanitizing procedures and, consequently, increase the safety of tilapia products produced in Brazil.
Low concentrations of L. monocytogenes were detected in both tilapia-processing factories, but important differences in the number and type of contamination sources were observed in each case. Sanitizing procedures applied in Factory A were effective to control L. monocytogenes along the tilapia-processing chain. However, the frequency of changing gloves in the reception and slaughter room seemed to be not in concordance with the daily workload (40 t/day of tilapia processed), generating the accumulation of L. monocytogenes, which were possibly present in tilapia (Jami et al. 2014) . In contrast, L. monocytogenes persisted in several tilapia-contact surfaces of Factory B, mainly due to the use of unsuitable sanitizing procedures (i.e., low efficacy of disinfectants, improper frequency of application, short exposure times or, possibly, the application of sub-lethal doses), allowing the cross-contamination with tilapia fillets. Persistence of L. monocytogenes was also reported in facilities processing other fish species, but different sources and degree of contamination were observed (Ferreira et al. 2014) . Case-by-case approaches are thus recommended to apply precise control strategies that avoid (or at least reduce) the emergence of antimicrobial resistances, which increase the potential persistence of bacterial pathogens in food-related environments. Moreover, the presence and reestablishment of L. monocytogenes in fish-processing facilities should be continuously monitored to guarantee the safety of products.
Several methods are currently available to detect and identify rapidly L. monocytogenes in food-processing facilities (Välimaa et al. 2015) . In this study, RAPD-PCR allowed characterize efficiently the diversity of L. monocytogenes strains in each factory, trace the contamination source of tilapia fillets in Factory B, and detect a possibly prevalent strain in Brazilian tilapia-processing facilities (L2), but further factories should be examined. Similarly, a prevalent L. monocytogenes strain was identified by RAPD in different fish slaughterhouses and smokehouses of Denmark and Faeroe Islands (Vogel et al. 2001; Wulff et al. 2006) . However, the reproducibility of RAPD must be confirmed by using DNA extracts of each isolate from different cultures. Combination of banding patterns generated by high-yield primers is also recommended to increase the discriminatory power of RAPD.
Most of listeriosis cases are caused by the serotypes 1/2a, 1/2b, 1/2c and 4b (Cartwright et al. 2013; EFSA 2016) , but their distribution in food-related environments is highly variable. Serotypes 1/2a and 1/2b seemed to be the most commonly found in L. monocytogenes isolated from fishery products and fish-processing factories (Abdollahzadeh et al. 2016; Chen et al. 2016; Jamali et al. 2015; Kramarenko et al. 2013; Shimojima et al. 2016; Wu et al. 2015) . However, the serogroup II (including the serotype 1/2c) was the most frequently detected in this study, followed by serogroup I (1/2a) and III (1/2b), whereas the serotype 4b was not detected in both tilapia-processing facilities. In contrast, a higher occurrence of L. monocytogenes serotypes 4b, 1/2a and 1/2b than 1/2c was reported in 5953 food samples collected from 12 Brazilian states (including São Paulo) since 1990-2012, but no fish sample was examined (Vallim et al. 2015) .
The persistence of L. monocytogenes in food-related environments mainly depends on the biofilm-forming ability, which increases the stress tolerance in comparison with planktonic cells (Carpentier and Cerf 2011; Ferreira et al. 2014) . Strains from tilapia-processing facilities showed a noteworthy biofilm-forming ability on stainless steel and polystyrene, demonstrating that these materials commonly found as food-contact surfaces can serve as reservoirs of L. monocytogenes. Moreover, biofilm cells seemed to be highly adapted to the type of origin surface (i.e., biofilm-forming ability on polystyrene and stainless steel was higher in strains isolated from plastic and metallic surfaces, respectively). Several studies also reported a high biofilm-forming ability of L. monocytogenes on polypropylene, nylon, Teflon, polyester floor sealant and glass surfaces (Blackman et al. 1996; Chae et al. 2006; Saá-Ibusquiza et al. 2012) . Furthermore, the presence of scratches in food-contact surfaces can improve the formation of L. monocytogenes biofilms (Verran et al. 2010) , which would explain the persistence of this pathogen in Factory B. However, no clear relationship between L. monocytogenes serogroups and biofilm-forming ability was observed in the present study, being only correlated data from stainless steel. The consistence of this relationship also varied greatly between previous studies, as shown in Ferreira et al. (2014) .
A high resistance to peracetic acid and sodium hypochlorite, two disinfectants widely used in the food industry, was showed by L. monocytogenes strains with the highest biofilm-forming ability. In fact, biofilms resisted doses considerably higher than that recommended by manufacturers for peracetic acid (50-350 mg/L) and sodium hypochlorite (50-800 mg/L) (Gaulin et al. 2011 ). This high biocide resistance of L. monocytogenes strains was probably caused by the application of short exposure times and sub-lethal doses of disinfectants in tilapia-processing facilities (Langsrud et al. 2003) . L. monocytogenes strains were more susceptible to peracetic acid than to sodium hypochlorite, which was in concordance with previous studies on food-related environments (Baert et al. 2009; Beltrame et al. 2015; Walter et al. 2009 ). Although both disinfectants are non-specific powerful oxidizing agents (Kitis 2004; Russell 2003) , sodium hypochlorite have a limited diffusion in the biofilm, which reduces its effectiveness drastically (De-Beer et al. 1994) . The use of disinfectants with similar mechanisms of action increases the risk of cross-resistance, particularly in biofilms (Chapman, 2003) . Therefore, the use of novel workingsafe, environmentally-friendly and cost-effective biocides and the development of innovative sanitizing procedures are recommended to avoid, or at least reduce, the risk of biofilm formation and antimicrobial resistance.
Conclusion
Listeria monocytogenes was found in both tilapia-processing facilities, including some final products. The serogroup II (including the serotype 1/2c) was recurrently found, followed by serogroup I (1/2a) and III (1/2b), whereas the serotype 4b was not detected. The high biofilm-forming ability and resistance to peracetic acid and sodium hypochlorite, two disinfectants widely used in the food industry, could explain the persistence of L. monocytogenes in several points of the tilapia-processing facilities. Handling and sanitizing procedures should be particularly revised to be in concordance with the daily workload of each factory and to increase the effectiveness against persistent Listeria monocytogenes, respectively. Case-by-case approaches are recommended to determine the sources and degree of contamination present in foodprocessing factories, which would allow applying precise responses to control the persistence of bacterial pathogens such as L. monocytogenes. Moreover, the presence and reestablishment of L. monocytogenes in processing control points should be continuously monitored to guarantee the safety of products.
